Background: Findings on the association between the insertion/deletion (I/D) polymorphism of the angiotensin I-converting enzyme (ACE) gene and cardiovascular morbidity and mortality have been inconsistent. Considering the possible interaction between this polymorphism and smoking, we evaluated the association between ACE I/D polymorphism and myocardial infarction (MI), mortality due to coronary heart disease (CHD), and cardiovascular disease (CVD). Methods: The study was performed within the Rotterdam Study, a population based cohort study. The ACE I/D polymorphism was determined for 6714 participants and smoking status recorded at baseline. Fatal and non-fatal MIs and mortality events were regularly recorded. Cox proportional hazard analysis was performed separately for current smokers and non-smokers. We used age as the follow up time, presenting age specific survivals. Results: During follow up, 248 MIs and 301 and 482 deaths, respectively, due to CHD and CVD occurred. There were no significant differences between the genotypes as regards MI incidence. Among smokers, there was an increased risk of CHD and CVD mortality in carriers of the DD genotype compared to the II genotype, which diminished at later ages (p,0.01 for gene-age interaction). Subgroup analysis in a younger and older group (based on the median age of 68.2 years) showed a significantly increased risk of CVD mortality in the younger group (hazard ratio = 5.19; 95% confidence interval: 1.15 to 23.42). Conclusions: This study showed that the ACE I/D polymorphism is not a strong risk factor for MI but its interaction with smoking might play a role in cardiovascular mortality especially at younger ages.
T he insertion/deletion (I/D) polymorphism in intron 16 of the angiotensin I-converting enzyme (ACE) gene has been associated with myocardial infarction (MI) 1 2 and coronary heart disease (CHD). 3 4 However, the findings of various large studies have been inconsistent. This situation is typical for genetic research of complex diseases, where genes may be involved in a disease through complex interactions with other genes and environmental factors. Using all the data we had available in the Rotterdam Study, we searched for modifiers of the relation between the ACE gene and serum ACE levels and found that smoking is the only other factor significantly influencing plasma ACE activity level. 5 Further, we found interaction between ACE polymorphism and smoking in relation to carotid intima media thickness (IMT) 5 as well as systolic blood pressure. 6 These findings prompted us to evaluate the effect of the ACE gene on MI as the main morbidity outcome of CHD, taking into account the putative interaction with smoking. We also investigated the association between the gene and mortality due to CHD as well as mortality from cardiovascular disease (CVD). We conducted our study in a large cohort which has been characterised for CVD and has been followed for over 8 years allowing us to assess the genotype associations at different ages.
METHODS

Study population
This study is embedded in the Rotterdam Study, a prospective population based cohort study of 7983 men and women aged 55 years or older, living in Rotterdam, the Netherlands. The study is designed to investigate the determinants of chronic diseases in the elderly and has been described in more detail elsewhere. 7 Baseline data were collected between March 1990 and July 1993. The study has been approved by the Medical Ethics Committee of Erasmus University, and written informed consent was obtained from all participants. A trained research assistant interviewed all participants at home using computerised questionnaires. The information obtained included current health status, medical history, medication use, and smoking behaviour. In addition, during two visits to the research centre, established cardiovascular risk factors were measured.
Follow up procedures
The present analyses on MIs and CHD mortality are based on follow up data collected from baseline (1990-1993) until 1 January 2002. The information on cause specific mortality was obtained until 1 January 2000, and was the source of data on CVD mortality outcome. Information on the vital status of the participants was obtained at regular intervals from the municipal population registry. Fatal and non-fatal MIs were reported by general practitioners in the research area by means of a computerised system. An MI was considered fatal if death occurred within 28 days after the onset of symptoms. In the case of recurrent MI during follow up, the first event was used in the analysis. All reported events were verified by research physicians who collected information from the patients' medical records. This information also included copies of discharge letters for hospital Abbreviations: ACE, angiotensin I-converting enzyme; CHD, coronary heart disease; CVD, cardiovascular disease; I/D, insertion/deletion; IMT, intima media thickness; MI, myocardial infarction admissions. All events were coded independently by two research physicians according to the International Statistical Classification of Diseases and Related Health Problems, 10th revision (ICD-10). 8 CHD mortality is defined as ICD codes I20-I25, I46, I50, and R96. Cardiovascular (CVD) mortality includes all CHD deaths plus deaths due to stroke (I60-I64).
Laboratory assessments
Blood samples were drawn and serum and plasma were stored at 280˚C. DNA was isolated from the blood samples using standard procedures (salting out method) 9 and the II, ID, and DD genotypes were detected by using the polymerase chain reaction (PCR) technique according to the method of Lindpaintner et al 10 with some modifications. Details of the genotyping method were published previously. 5 
Statistical analyses
Data were analysed using SPSS version 11.0.1 and S-PLUS version 6.0 for Windows. Hardy-Weinberg equilibrium was tested with the x 2 test. We used smoking as a dichotomous variable, grouping subjects in current smokers or non/former smokers. Survival time was calculated as the number of years from entry into the study until the time of the first event or until the end of follow up, whichever came first. We used Kaplan-Meier curves with age as the follow up time in the model, presenting age specific survivals. Cox proportional hazard analysis was used to calculate the hazard ratios between the genotype groups using the II genotype as the reference group. Data were analysed separately for current and non-smokers to examine effect modification by smoking. We also examined our hypothesis in gender subgroups, as one may expect differences between genders regarding the causal chain leading to CVD. Possible interactions were tested using multiplicative models.
RESULTS
The complete data of ACE genotyping and smoking status were available for 6714 subjects. Missing data were mainly due to logistic reasons. The distribution of the genotypes and allele frequencies were in Hardy-Weinberg equilibrium (p = 0.74). Table 1 shows the demographic characteristics of the participants by ACE genotype. The carriers of the D allele were somewhat older than the II carriers. Carriers of the DD genotype had a significantly higher mean systolic blood pressure as well as an increased mean of carotid IMT compared to the II carriers. Although the prevalence of hypertension was increased in both homozygote and heterozygote subjects for the D allele, this increase was significant only in the largest group, the heterozygotes. There was a tendency of higher prevalence of MI in carriers of the D allele, but the difference was not statistically significant (table 1) . We excluded the subjects with prevalent MI in our further 
analysis as differential mortality may have occurred in this subgroup before the start of the study.
Mean follow up time for CHD was 8.4 years. During this period 248 persons had a first MI and 301 deaths due to CHD occurred. For the period of follow up for CVD mortality outcome (mean = 7.1 years) 482 deaths caused by CVD occurred. Table 2A presents the age and gender adjusted incidence rates by genotype. No obvious pattern was observed in the association between the genotypes and the risk of MI. Among smokers, the incidence rates for CHD and CVD mortality were higher in carriers of the DD genotype, while no such differences were seen in non-smokers. However, the differences in incidence rates between the genotypes were not statistically significant (table 2A) . Further analyses, stratified by gender, did not reveal any evidence for increasing incidence rates associated with genotypes in men or women (table 2B) When considering age specific mortality (figs 1 and 2), an increased risk of CHD and CVD mortality in the DD genotype group was observed only in smokers. The effect of the gene diminished with age. No such effect was seen in nonsmokers ( figs 1 and 2) . The interaction between the ACE genotypes and age was statistically significant in smokers (p,0.01), but not in non-smokers or the total group (table 3) . The same pattern of genotype-age interaction was observed in both men and women. No interaction between the genotypes and gender was observed in any of the smoking categories (data not shown).
With this observation, we retested our hypothesis separately for the groups younger and older than the median age of the population (68.2 years) using the age as a time dependent variable, that is, when a participant in the younger group reached the age of 68.2 he was counted in the older group. Table 4 presents the hazard ratios of CHD and CVD mortality for the ID and DD genotypes in comparison to the II genotype in different subgroups. In the younger group, the risk of CVD mortality showed a significant difference between the genotypes in smokers (p = 0.03) but not in non-smokers (p = 0.60), men (p = 0.25), or women (p = 0.45). Higher risk of mortality was observed in those with the ID and DD genotypes compared to the II genotype among smokers in this group (table 4). In a multiplicative model, gene-smoking interaction was borderline significant (p = 0.06) in CHD mortality and significant (p = 0.05) in CVD mortality among the younger group (table 3) . There was no evidence of association between the genotypes and the mortality risks in the older group in any of the smoking or gender categories (table 4) .
DISCUSSION
In this large population based cohort study, we observed an increased risk of cardiovascular mortality for carriers of the D allele of the ACE I/D polymorphism among smokers. This difference was only observed in younger people and diminished at later ages. No association was observed between the ACE genotype and MI. The ACE gene became one of the most studied candidate genes in relation to CVD after Rigat et al reported that more than half of the variance of plasma ACE concentration is under the influence of the I/D polymorphism in this gene.
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Although several studies showed a positive association between the D allele and cardiovascular outcomes, findings have been inconsistent. A meta-analysis showed that smaller studies tend to show a stronger association and concluded that in general the association is weak. 12 However, interactions between genetic and environmental factors are expected in all complex diseases and may partly explain the previous inconsistencies. A possible interaction between smoking and the I/D polymorphism in relation to carotid IMT 5 and systolic blood pressure 6 prompted the present study to test the same interaction effect on the risk of MI as the main morbidity outcome of CHD, as well as mortality due to CHD and CVD.
Our findings in this cohort study were in line with the findings from other large studies, 10 13 14 showing no strong association between ACE I/D and MI. Hibi et al showed a smoking associated effect of the ACE genotype on the severity of coronary atherosclerosis. 15 Although we confirmed the same interaction in our previous findings, 5 6 we did not observe any evidence for such an interaction in relation to MI in this study.
Considering mortality, the main differences between the genotypes were observed at earlier ages in our population. At older ages, the effect of the gene apparently diminished. One may argue that the older individuals are the survivors from a larger cohort and have been subject to selective mortality. 16 We previously reported an interaction between age and ACE I/D genotypes in association with carotid stiffness. 17 An age dependent association has also been found in the other genes involved in CVD, for instance Apo-E. 18 19 Although chance might play a role in our observations, the possibility remains that the interaction between the D allele and smoking in fact has a role in younger age groups, but we are not able to fully demonstrate it in our study population. In other words, if there is a real effect of the D allele and smoking at young ages, it might very well have happened before the start of our study, which only includes a cohort aged 55 years and over.
The mechanism by which the ACE I/D polymorphism may affect cardiovascular morbidity and mortality is unclear. It has been shown that the DD carriers convert angiotensin I at higher rates. 20 21 The vasoconstrictor effect of angiotensin II in addition to its role in vascular smooth muscle cell growth and hypertrophic changes of the vessel walls 22 23 were speculated to be the possible pathway. It is also suggested that ACE might play an important role in inflammatory responses. 24 Furthermore, smoking increases ACE gene expression and the activity of the enzyme. 5 25 26 Considering the complexity of CVD, a combination of several different pathways could be involved in the present observations and the mechanisms involved in cardiovascular events at younger ages could be different from those in later life. Similarly, differences in causal chains in different samples could be the main reason for controversial findings, but discovery of the whole underlying system is beyond the scope of a single observational study.
In conclusion, our study showed that the I/D polymorphism of the ACE gene is not a strong risk factor for MI but its interaction with smoking might play a role in mortality from CVD especially at an earlier age.
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